Objective-To investigate the role of strain elastography using calculated strain ratio and visual elastography score in differentiating nonneoplastic, benign, and malignant neoplastic intratesticular lesions.
lesions are malignant and require surgical management such as orchiectomy, 2 benign lesions can be managed with testicular-sparing surgery 3 or "watchful waiting." The use of new ultrasound-based techniques such as contrast-enhanced ultrasound and tissue elastography aim to improve the diagnostic accuracy in discriminating malignant lesions from benign lesions. 4, 5 Tissue elastography may be performed with 2 techniques: strain elastography (SE) and shear-wave elastography. 6 Shear-wave elastography assesses tissue stiffness by inducing a short acoustic "push pulse," which allows deformation of the tissue of interest and generation of transient shear waves, whose propagation speed is measured in meters per second and is proportional to the tissue stiffness. This technique has been widely used to stage liver fibrosis, with elevated measurements usually indicating abnormality. However, the variability of measurement is a recognized limitation due to poor ability to assess superficial structures. 7, 8 SE measures strain response of the tissue of interest after application of a mechanical force using compression pressure from transducer movement. This strain response of the tissue is converted into an elastic modulus image known as an elastogram and displayed as a color map defining soft and hard by attributing a color code to each level of stiffness. Besides the visual map displayed, a strain ratio (SR) may be calculated by manually drawing regions of interest over the abnormality and adjacent normal tissue, and a numerical index calculated. The SR is therefore a semiquantitative method of tissue stiffness evaluation, a comparison of how much stiffer the tissue under investigation is (lesion), in comparison to the surrounding normal parenchyma. Only a limited number of reports exist detailing the use of SE in the investigation of intratesticular lesions, with conflicting findings. [9] [10] [11] The aim of this study is to assess the ability of SE to discriminate malignant from benign intratesticular lesions based on the fundamental characteristic of the malignant lesions being hard and of benign lesions being soft, and to assess whether the additional application of a semiquantitative measurement, the SR, is useful.
Materials and Methods

Patient Population
Approval to report this retrospective review of recorded data was obtained from the King's College Hospital Ethics Review Board and given a registration number of KCH14-102. All patients verbally consented to scrotal sonographic evaluation including SE, part of the standard sonographic process at our institution for the evaluation of focal intratesticular abnormalities, with no deviation from normal accepted practice.
From January 2010 to April 2014, 86 consecutive patients (median age, 36 years; range, 16-81 years) were referred to the ultrasound department by a variety of clinical specialties, for both acute and nonacute scrotal conditions, and found to have an indeterminate focal intratesticular abnormality and underwent a further SE examination, in addition to the standard gray scale and color Doppler ultrasound examination. The inclusion criteria were as follows: age 16 years or older and focal intratesticular lesions with available multiparametric sonography including gray scale, color Doppler, and SE and clinical follow-up/histological diagnosis. The exclusion criterion was the lesion being clearly malignant (with evidence of local mass effect or metastasis) or benign (simple cyst). A focal intratesticular lesion was defined as a circumscribed or ill-defined area within the testicular parenchyma, with a variable level of echogenicity and color Doppler flow that would necessitate surgical, medical, or imaging follow-up.
Gray Scale, Color Doppler, and Strain Elastography Assessment All patients were examined by a single experienced operator (P.S.S., 25 years' ultrasound experience and 7 years' experience with SE) in accordance with departmental protocol, employing standard ultrasound techniques. All the lesions were assessed for their gray scale and color Doppler features, and in addition, a color scale SE map was obtained. Gray scale and color Doppler examination were performed using either a 14L5 linear or 9L4 linear transducer on a Siemens S2000 (Acuson Siemens, Mountain View, CA). The color Doppler settings were set to the default program of the ultrasound machine used and adjusted as needed to demonstrate adequate imaging. All SE examinations, both SR measurements and color-coded strain examinations, were performed on a Hitachi HV900 (Hitachi Medical Corporation, Tokyo, Japan) using a 14-6-MHz linear transducer and using Hitachi Real-time Tissue Elastography (HI-RTE; Hitachi Medical Corporation, Tokyo, Japan). On this machine, tissue elastography images are displayed in 256 colors, with red representing the softest component and blue the hardest, with green representing an intermediate degree of tissue stiffness. During the SE examination, the target lesion was vertically compressed with light pressure by the transducer until the on-screen visual scale indicated an optimal image; 3 optimal images were recorded for each target lesion, with a repeat compression on each occasion. For the SR calculations, a manually drawn region of interest (by the operator at the time of the examination) was selected within the target lesion and a second from the adjacent normal testicular tissue at the same depth as the target lesion; this was repeated on 3 occasions, with repeat compression on each occasion. The built-in software calculated the SR, displaying this ratio on the ultrasound display. All images were recorded and stored on a picture archiving system (PACS; GE, Barrington, IL) for subsequent review.
Review of Lesion Characterization
During the gray scale examination, the largest dimension of the lesion was recorded as the size. The recorded gray scale features were as follows: echogenicity (heterogeneous, low, high, or isoechoic to normal testicular tissue) and presence of calcification or cystic change. The color Doppler pattern was recorded as avascular, hypovascular, or iso/hypervascular in relation to the vascular intensity of the normal adjacent testicular parenchyma. The SE images obtained were retrospectively reviewed by 2 reviewers (E.K. and O.R., with 6 and 7 years' experience in sonography, respectively; both trained in elastography techniques), both not involved in acquisition of data, and a consensus opinion reached. The visual map was scored according to a grading scale (1 [soft] to 6 [hard]), previously described, and unique to the assessment of focal testicular abnormalities 12 : Visual elastography score (VES) 1: The lesion is almost completely green but with some red spots; VES 2: the entire lesion is homogenously green; VES 3: The lesion is almost completely green but with some small blue spots; VES 4: The lesion is green at the periphery with central blue area; VES 5: The lesion is almost completely blue with central small green/red areas; VES 6: The lesion is completely blue. A score of 3 was considered the cutoff grading score, above which a lesion was considered hard. The 3 SRs of the lesions stiffness, recorded at the time of imaging, were used to calculate a median value.
Reference Standard
Histopathologic examination was performed according to standard departmental protocol and considered the reference standard for the lesions. If the lesion was thought, both on imaging and clinical following discussion at a multidisciplinary forum, to be benign, follow-up sonographic evaluation was performed until resolution of the findings or nonprogression was documentedgenerally, 3 months for an inflammatory lesion and 12 months for any other indeterminate lesion. Lesions were divided into nonneoplastic lesions, (deemed benign) and neoplastic lesions (both benign and malignant). Benign neoplastic lesions were those with no known malignant potential such as dermoid or epidermoid cyst. Leydig cell tumors or Sertoli cell tumors are also classified as benign neoplasms if no evidence of malignancy was demonstrated on histologic analysis.
Statistical Analysis
Statistical analysis was performed with Statistical Packages for the Social Sciences (SPSS) for Windows, version 22 (IBM Corp., Armonk, NY) and MedCalc for windows, version 17.6 (MedCalc Software, Ostend, Belgium). The Mann-Whitney U test and Fisher exact test were used to compare nonparametric and categorical data, respectively. Spearman's coefficient was used to assess correlation between the VES and SR. Sensitivity, Specificity, positive and negative likelihood ratio (LR) of color Doppler, VES, and SR were documented. The diagnostic performance of differentiating benign versus malignant lesions and nonneoplastic versus neoplastic lesions using median SR and VES were assessed using receiver operator characteristic (ROC) curves, and their optimum cutoff SR values were determined using Youden's index. The Delong test was used to compare the diagnostic accuracy using SR or VES. 13 The 95% confidence interval (CI) was calculated for the area under the ROC curve (AUROC). Multivariate logistic regression analysis was used to determine the association between the malignant intratesticular lesions and parameters, including age, lesion size, vascularity, presence of calcification, VES, and SR. A 2-sided P value of less than .05 was considered significant.
Results
Clinical and Histopathologic Data
A total of 86 lesions were analyzed, which include 31 (36.0%) intratesticular malignant neoplasms, 17 (19.8%) benign neoplasms (neoplastic lesions), and 38 (44.2%) nonneoplastic lesions. Histology confirmation was available from 52 lesions, summarized in Table  T1 1. In the remaining 34 lesions, the verification of the diagnosis was achieved with ultrasound follow-up, and postulated to be benign, as summarized in Table  T2 2. The median size for nonneoplastic lesions and benign and malignant neoplastic lesions was 12.5 mm (range, 2.0-42.0 mm), 4.6 (range, 3.0-16.0 mm) and 22.0 mm (range, 5.0-50.0 mm), respectively. The malignant neoplastic lesions were significantly larger than the benign lesions (P < .001).
Gray Scale and Color Doppler Sonography
The gray scale and color Doppler characteristics are summarized in Table  T3 3. Overall, 89.5% (n 5 77) of intratesticular lesions were heterogenous or hypoechoic on gray scale examination. The proportion of heterogenous or hypoechoic lesions was not different between the benign and malignant group (P 5 .479).
There was a higher proportion of malignant lesions demonstrating iso/hypervascularity on color Doppler than their benign counterparts (10 of 55 benign versus 24 of 31 malignant; P < .001), and there was a higher proportion of benign neoplastic lesions with iso/ hypervascularity compared to nonneoplastic lesions (1 of 38 nonneoplastic versus 9 of 17 benign neoplastic; P < .001). However, iso/hypervascularity was seen in 9 of 17 of the benign neoplasms and 24 of 31 malignant neoplasms and did not differ (P 5 .108). Color Doppler examination led to 7 false-negative and 10 false-positive results, which gave an overall sensitivity of 77.4%, specificity of 81.8%, positive LR of 4.3, and negative LR of 0.28 in discriminating benign lesions from malignancies. In terms of discriminating nonneoplastic lesions from neoplastic lesions, color Doppler examination led to 15 false-negative results and 1 false-positive result, which give an overall sensitivity of 68.8%, specificity of 97.4%, positive LR of 26.5, and negative LR of 0.32. Eleven lesions showed intralesional calcification, of which 7 were benign lesions and 4 were malignant lesions. The presence of calcification was not associated with malignancy (P 5 1.0).
Strain Elastography Analysis: VES and SR
The VESs of benign and malignant lesions are listed in Table  T4 4. The number of malignant lesions (25 of 31) demonstrating VES with score of 4 to 6 was significantly higher than benign lesions (30 of 55) (P 5 .02). Fourteen of 17 benign neoplasms and 25 of 31 malignant neoplasms demonstrated a VES of 4 to 6, not different from each other (P 5 1.0). The AUROC using VES to differentiate benign from malignant lesions was 0.620 (CI, 0.509-0.722) with a cutoff value of greater than 3 and associated sensitivity of 80.6%, specificity of 45.5%, positive LR of 1.48, and negative LR of 0.43. VES differentiated nonneoplastic lesions from neoplastic lesions (AUROC, 0.715; CI, 0.608-0.808) with associated sensitivity of 81.25%, specificity of 57.89%, positive LR of 1.93, and negative LR of 0.32.
The calculated median SRs for the nonneoplastic lesions, benign neoplastic, and malignant neoplastic lesions were 1.95 (range, 0.37-89.92), 3.78 (range, 0.61-30.00), and 4.64 (range, 1.41-37.27), respectively ( Figure  F1  1) . The malignant lesions showed higher SR than the benign lesions (P 5 .001), and the neoplastic lesions showed higher SR than nonneoplastic lesions (P < .001). There was no significant difference of the SR between the malignant and benign neoplasms (P 5 .152) or nonneoplastic lesions and benign neoplastic lesions (P 5 .111). The AUROC using SR to differentiate benign from malignant lesions was 0.722 (CI, 0.616-0.813), with optimum cutoff SR of 3.21 and associated sensitivity of 74.2%, specificity of 70.9%, positive LR of 2.55, and negative LR of 0.36. The AUROC using SR to differentiate nonneoplastic lesions from neoplastic lesions was 0.730 (CI, 0.624-0.820), with optimum cutoff SR of 3.19 and associated sensitivity of 68.75%, specificity of 81.58%, positive LR of 3.73, and negative LR of 0.38.
Comparison Between VES and SR
There was strong correlation between the median SR and the VES (Spearman's coefficient, 0.693; P < .0001). Comparison of the ROC curves showed that SR was a significantly better assessment than VES in diagnosing malignant lesions (P 5 .025). However, SR and VES are no different in identifying neoplastic lesions (P 5 .739). Logistic regression analysis showed that large lesion size and increased vascularity are associated with malignancy (Table  T5  5 ).
Discussion
There are few studies with conflicting results in terms of the diagnostic performance of SE in the evaluation of the intratesticular lesions (Table  T6  6 ). Studies from Pallwein et al, 14 Schurich et al, 15 Aigner et al, 10 and Auer et al 16 showed that 100% of malignant lesions appear "hard" on elastography. However, other studies have also demonstrated that malignant lesions are not always "hard" on SE. Grasso et al 17 evaluated 41 patients with intratesticular lesions and suggested that SE alone is not able to differentiate malignant from benign lesions. The reported sensitivity of SE using VES and SR vary from 58.7% to 98%. 9, [18] [19] [20] We have shown a false-negative VES in 6 malignant lesions, among which 1 burned-out tumor ( Figure  F2 2) showed a VES of 1, and 5 germ cell tumors (including 3 nonseminomas and 2 seminomas) demonstrated a VES of 3. Neoplasms ( Figure  F3 3) are thought to be "harder" compared to nonneoplastic lesions because of their higher cellular content; however, it has been shown that benign lesions can also appear hard on SE, and there appears to be a wide range of specificities using VES analyzing malignancies and neoplasms. Schr€ oder et al 20 and Marsaud et al 19 reported that specificity of VES in discriminating neoplasms from nonneoplasms was as low as 25% and 37.5%, respectively. Others have reported higher specificity ranges from 72.1% to 100%. In our study, the VES demonstrated a specificity of 45.5% in diagnosing malignancy and 57.89% in diagnosing neoplasms. We observed hard SE characteristics in a number of nonneoplastic lesions including cysts, hematomas, infarctions, rete testis, and scars ( Figure  F4  4) ; in all of these etiologies, hard elastographic properties have been previously reported. 10, 12, 16, 21 Leydig cell tumors are often classified as malignant; however, only 10% are reported to have a malignant potential. 22 Many authors advocate a targeted partial orchidectomy for Leydig and Sertoli cell Figure 2 . Focal testicular abnormality (arrows) on color map and gray scale image. The lesion demonstrates a predominant green color indicating a "soft" lesion, but on histologic analysis was a burned-out malignant tumor. tumors, as their behaviors are different from germ cell tumors. 4 In our series, we categorized the Leydig and Sertoli cell tumors as benign neoplasms because they were shown hyperplasic without malignant potential on histopathologic analysis. Ten of 13 Leydig cell and 1 of 1 Sertoli tumor in our cohort appear hard on SE ( Figure  F5 5). Pozza et al 18 also observed most of their benign and malignant neoplasms demonstrating a hard elastographic signature but suggested that the benign neoplasms are more likely to have a slightly lower VES than malignant neoplasms. In our cohort, 13 of 17 (76.5%) of benign neoplasms and 23 of 31 (74.2%) malignant neoplasms had a VES of 5 to 6, with no difference of VES between them. Our results suggest that SE cannot differentiate benign neoplasms from malignant neoplasms. In our benign neoplasm cohort, there were 3 epidermoid and dermoid cysts ( Figure 5 ), all of them showed hard elastographic properties and were avascular on color Doppler assessment. These findings were also reported by Patel et al 23 and Auer et al. 16 Pastore et al 24 showed a wide range of SR (3.44-58.00) from testicular masses in their cohort of 30 neoplasms and suggested that the use of SR may provide additional objective information to analyze testicular lesions. Subsequently, there have been only 2 studies in which SR was used to assess intratesticular lesions. 18, 20 Schr€ oder et al 20 showed a specificity of 45% and sensitivity of 90% using SR and a cutoff value of 1.3 to differentiate neoplastic from nonneoplastic lesions and concluded that the specificity is too low to be of any clinical use. Pozza et al 18 used an SR of greater than 1.41 for discriminating benign from malignant lesions and greater than 1.19 for discriminating neoplastic from nonneoplastic lesions and concluded that SR did not improve the accuracy of qualitative visual scores. In our study, we also investigated the added value from using SR, a semiquantitative method in the evaluation of the intratesticular lesions, and have demonstrated SR to be better than VES in discriminating malignant from benign lesions, but no different in differentiating neoplastic lesions from nonneoplastic lesions. The cutoff value derived from ROC curve analysis in our study was 3.2, which is higher than what was used in other studies, 18, 20 also derived from ROC curve analysis. Although malignant lesions are shown to have a higher SR than benign lesions, in our study nonneoplastic (0.37-89.92), benign (0.61-30.00) and neoplastic lesions (1.41-37.27) demonstrate a wide range of overlapping SR similar to that observed previously 20 . Therefore, the elasticity stiffness ratio created by the SE software cannot be used alone to confidently characterize a lesion or compare between different studies. Further larger studies are required to further assess the role of SR.
COLOR IN ONLINE AND PRINT
While both VES and SR demonstrate a fair diagnostic accuracy in differentiating malignant versus benign and neoplastic versus nonneoplastic lesions, Figure 5 . Color maps (left) and gray scale images (right) of benign testicular neoplasms (arrows). Leydig cell tumors can be both hard (A) or soft (B) on SE indicated by predominant blue or green color respectively on the color maps. C, An epidermoid cyst appears predominantly "hard," indicated by the blue color. The corresponding gray scale image demonstrates typical alternating hyperechoic, hypoechoic rings appearance also known as lamellate "onion skin" configuration.
they do not show an improvement of accuracy compared to using color Doppler characteristics alone. Our results show that the color Doppler pattern has a sensitivity of 77.4% and specificity of 81.8% in discriminating malignancies and a sensitivity of 68.8% and specificity of 97.4% in discriminating neoplasms. This is comparable with figures in the literature. 10, 16, 20 Hypervascularity is associated with neoplasms due to neovascularization; however, increased vascularity can also be observed in nonneoplastic lesions due to inflammatory hyperperfusion. More importantly, some neoplastic lesions may not demonstrate hypervascularity on color Doppler due to their small size, but are shown to be hypervascularized on contrast-enhanced ultrasound. 25 Horstman et al 26 reported that while 95% of tumors larger than 1.6 cm demonstrate increased flow, 86% of tumors less than 1.6 cm were hypovascular. A recent retrospective analysis into the causes of avascular testicular lesions detected on scrotal sonography by Ma et al 27 also show that a substantial proportion of avascular hypoechoic testicular lesions are malignant.
Our study evaluated the diagnostic performance of SE in diagnosing intratesticular lesions with the thirdlargest patient cohort in the literature. However, there are several limitations to this case series. Some of the nonneoplastic lesions included may represent minor benign lesions; however, they were included due to their indeterminate nature on sonography. Not all patients had a histologic diagnosis, but meticulous follow-up confirmed resolution or stability of the lesions. The retrospective nature of the study renders the data acquisition inconsistent. The single examiner using the same machine and transducer for all the SE imaging allows robust strain elastography assessment compared to multiple observers using different machines, but still does not address problems of intraobserver variation in data acquisition. The nature of SE influences the intra-and interobserver reproducibility, as it is essentially an operator-dependent technique. Different strain ratio measurements may be obtained with the same lesion, depending on the degree of pressure application, rendering the strain ratio a semiquantitative rather than an absolute measurement.
In conclusion, currently, there is no unique sonographic technique that can give a definitive diagnosis for the indeterminate testicular lesions. Although high SR and VES (>3) are associated with neoplastic lesions and offer an alternative to assess tissue characteristics, they do not improve the diagnostic accuracy when compared with the color Doppler pattern, and they cannot differentiate benign neoplasms from malignancies. The whole parametric ultrasound examination must be considered for the final diagnosis.
